of Cell]). These observations suggest that Rhomboid-1 activates Spitz and thereby defines the necessary precigrowth factor Spitz, allowing it to activate the Drosophila EGF receptor. Until now, the mechanism of sion of EGF receptor signaling. We have recently determined the mechanism of Spitz this key signaling regulator has been obscure, but our analysis suggests that Rhomboid-1 is a novel intraactivation by Rhomboid-1 and Star (Lee et al., 2001). In the absence of Star, Spitz is confined to the endoplasmic membrane serine protease that directly cleaves Spitz. In accordance with the putative Rhomboid active site reticulum (ER), while Rhomboid-1 is localized in the Golgi apparatus. Star is required to transport Spitz from being in the membrane bilayer, Spitz is cleaved within its transmembrane domain, and thus is, to our knowlthe ER to the Golgi apparatus, where Spitz is proteolytically cleaved in a Rhomboid-1-dependent manner and edge, the first example of a growth factor activated by regulated intramembrane proteolysis. Rhomboid-1 subsequently secreted from the cell. Drosophila EGF ligand activation therefore occurs through regulated inis conserved throughout evolution from archaea to humans, and our results show that a human Rhomboid tracellular trafficking and proteolysis of Spitz. Rhomboid homologs have now been identified in most organisms, promotes Spitz cleavage by a similar mechanism. This growth factor activation mechanism may therefore be including bacteria, yeasts, plants, and humans, suggesting that its activity, and perhaps the corresponding widespread.
Genetic analysis of the Drosophila Epidermal Growth apparent lack of similarity suggested that Rhomboid-1 Factor (EGF) receptor signaling pathway has provided a is not itself the Spitz protease, but instead acts indirectly useful approach to identifying physiologically significant in promoting Spitz cleavage. signaling components. This pathway controls multiple
To address this further, we have analyzed Rhomaspects of cell behavior and is thus subject to many boid-1's role in Spitz cleavage biochemically and by levels of regulation, which occur at both signal initiation mutagenesis. Our results provide strong evidence that and reception stages (Perrimon and Perkins, 1997; Drosophila Rhomboid-1 is an unusual protease and Schweitzer and Shilo, 1997; Wasserman and Freeman, does in fact share a sequence motif with serine prote-1997). Since both the receptor and its main activating ases, as well as having a potential serine protease cataligand, Spitz, are broadly expressed, the question arises lytic triad. Remarkably, the Rhomboid-1 active site reof how precision is achieved. Like its mammalian homosides within the membrane bilayer, and Spitz is cleaved log transforming growth factor ␣ (TGF␣), Spitz is syntheat a corresponding site in its TMD. We therefore propose sized in an inactive form as a transmembrane protein that Rhomboid-1 is an intramembrane serine protease. with a single extracellular EGF domain (Rutledge et al., Since no other intramembrane serine protease has been listed in the MEROPS protease database (http://www. merops.co.uk), Rhomboid-1 appears to be the first ex-cleavage induced by Rhomboid-1 indicated that the protease activity could belong to Rhomboid-1 itself, rather than to an enzyme in the heterologous host cells. Figure 2D ). low and variable efficiency, the high and equivalent Serine proteases typically use a catalytic triad comactive site within the membrane bilayer. This model makes three central predictions: Rhomboid-1 should posed of aspartate, histidine, and serine to form a charge-relay system that activates the serine to a reacbehave catalytically in Spitz cleavage, Spitz should be cleaved within its TMD in a region corresponding to tive nucleophile competent for peptide bond cleavage (Blow et al., 1969; Fersht, 1999) . In addition to G215 the putative Rhomboid-1 active site, and Rhomboid-1-dependent Spitz processing should be sensitive only to and S217, the essential residues N169 and H281 were located at similar positions within TMDs II and VI, reserine protease inhibitors. Each of these predictions was tested in turn. spectively, and might thus form a catalytic triad with S217 in an active site located approximately one-third of the distance into the membrane bilayer ( Figure 2E ).
Mutational Analysis Suggests

Rhomboid-1 Behaves Catalytically in Spitz Cleavage Although Rhomboid-1 does not have a conserved aspartate, asparagine 169 may substitute for it, as it does in
A distinguishing feature of enzymes is their ability to act at substoichiometric levels, successively catalyzing the catalytic triad of papain whose active site region is particularly hydrophobic and would therefore be destamany reactions per molecule of enzyme. In order to determine whether Rhomboid-1 functions catalytically bilized by the negatively charged aspartate (Vernet et al., 1995). Since the putative Rhomboid-1 active site is in Spitz cleavage, its concentration dependence was assessed and compared to that of Spitz and Star by within its TMDs, similar constraints may apply.
In addition to the evidence implicating Rhomboid-1 varying protein levels of each within mammalian cells during the Spitz cleavage assay. The amount of transas a serine protease, the lack of conserved cysteines or aspartates and the fact that H160 and H165 (which fected DNA encoding each component was titrated to reduce the amount of each protein in turn, while the total might have been metal coordinating residues in a metalloprotease) are nonessential implied that Rhomboid-1 amount of DNA was held constant to maintain equivalent transfection and expression efficiencies. As expected, is not a cysteine, aspartyl, or metalloprotease.
These 
-KDEL-cleaved Spitz was compared to (C-E) Spitz processing was insensitive to (C) cysteine protease, (D) that of various truncated forms of Spitz by SDS-PAGE. sSpi is a aspartyl protease, and (E) metalloprotease inhibitors, even when form truncated in its extracellular juxtamembrane domain that was
Rhomboid-1 was made limiting by 1000-and 10,000-fold dilutions. predicted to be the site of cleavage by cell surface proteases like Importantly, the metalloprotease inhibitor-induced reduction of TACE ( enous serine protease, irreversible protease inhibitors would not be expected to make Rhomboid-1 rate limiting when it was already present in excess. In addition to their specificity, the characteristics of inhibition by these irreversible serine protease inhibitors In contrast to being sensitive to serine protease inhibitors, Spitz processing was resistant to all other classindicated that Rhomboid-1 was their direct target. Significantly, in the presence of the inhibitors, Rhomboid-1 specific protease inhibitors tested. The potent cysteine protease inhibitors E64d and leupeptin (see Salvesen itself became rate limiting, since increasing its levels over a narrow range partially overcame the inhibition and Nagase, 2001), as well as the calpain inhibitor PD150606 (Wang et al., 1996), had no effect on Spitz ( Figure 5B ). In the absence of inhibitors, however, Rhomboid-1 was in excess, since increasing Rhomboid-1 levprocessing, even when Rhomboid-1 levels were made limiting by a dilution series ( Figure 5C ). Similarly, the els over the same concentration range did not increase Figure 5D ). This was of particular significance boid-1 than RHBDL ( Figure 6A ). since presenilin could be a candidate for the Spitz proteSince the core proteolysis-promoting function of ase, as it is the only intramembrane protease known to Rhomboid-1 has been conserved in at least one human cleave type I membrane proteins (reviewed in Brown et Rhomboid, we tested whether the same residues were al., 2000). Finally, we had previously used metalloproessential in RHBDL2. Mutations in any of the three resitease inhibitors in the Spitz cleavage assay to rule out dues central to the proposed proteolytic mechanism the involvement of an endogenous cellular metallopro-(the active serine, the glycine two residues N-terminal tease in Spitz cleavage (Lee et al., 2001 ). However, this to the serine, and the histidine) abolished cleavage activdid not rule out the possibility that Rhomboid-1 itself ity, as did mutation of the arginine in the lumenal loop was a metalloprotease, because the Rhomboid-1 levels ( Figure 6C ). RHBDL2-dependent Spitz cleavage was reused in the assay were too high to be effectively inhibduced but not abolished by mutation of the other two ited. Since the potent metalloprotease inhibitors batiresidues essential in Rhomboid-1, the lumenal tryptomastat and ilomastat failed to inhibit Rhomboid-1-in phan of unknown function and the asparagine which Spitz cleavage, even when Rhomboid-1 was made limiting might be the third residue of the catalytic triad (and (Figure 5E ), the possibility that Rhomboid-1 is a metallowhich has been shown to be dispensable in other proteprotease was conclusively excluded. In summary, the ases, see Discussion). Note that this result implies that restricted sensitivity of Spitz cleavage to serine protease although not completely essential, both these residues inhibitors, and their property of causing Rhomboid-1 to do function in RHBDL2, since the sensitivity of the cleavbecome rate limiting, independently suggest that Rhomage assay means that a substantial reduction of proteboid-1 is a serine protease. ase activity is required to detectably reduce Spitz cleavage (e.g., see Figure 3 ). We therefore conclude that The Rhomboid-1 Catalytic Mechanism RHBDL2 has a similar activity to Drosophila Rhomboid-1 Is Conserved in a Human Rhomboid and functions by a similar mechanism. Drosophila Rhomboid-1 is a member of a family of proteins conserved throughout evolution (Wasserman et Discussion al., 2000). We have tested whether either of two human homologs can promote Spitz cleavage (Figure 6 ). AlEvidence that Rhomboid-1 Is the Spitz Protease though RHBDL (Pascall and Brown, 1998) had no effect, Our analysis provides biochemical support for previous genetic evidence that Rhomboid-1 is the principal biothe second human Rhomboid (encoded by cDNA chemical rate limiting factor for EGF ligand activation (reviewed in Wasserman and Freeman, 1997). Moreover, although no similarities between Rhomboid-1 and proteases have been previously recognized (Bier et al., 1990; Wasserman et al., 2000), our mutational analysis has revealed a shared sequence motif between Rhomboid-1 and serine proteases, as well as a serine protease-like catalytic triad that is required for Spitz cleavage. This strongly suggests that Rhomboid-1 is the Spitz protease. We have tested this hypothesis using a combination of cell biological and biochemical techniques. In all cases, Rhomboid-1 exhibited characteristics expected of the Spitz protease: it was necessary and sufficient for Spitz cleavage in every cell line tested, it was localized to the subcellular compartment where Spitz cleavage , 1988 ). In the case of Rhomsequence homology domains, our results show that it boid-1, although N169 is essential in the assay prehas the characteristics of a serine protease. First, four sented here, there is evidence that in other contexts, its of its six essential residues parallel the residues required mutation leaves residual Rhomboid-1 activity (S.U. and for a serine protease catalytic triad charge-relay system (S217, H281, and N169) and an oxyanion stabilization M.F., unpublished). Further support for the possibility site (consisting of a glycine two residues away from that N169 replaces an aspartate in a catalytic triad the active serine, and the serine itself; G215 and S217).
comes from the mechanism of some cysteine proteases, These are the two active site determinants of serine whose catalytic mechanisms are identical to serine proproteases, and these four essential residues account teases: they use catalytic triads with an asparagine to for all of the amino acids known to participate directly orient the histidine (Vernet et al., 1995) . Overall, we favor in the serine protease catalytic mechanism (see Fersht, the idea that N169 does form part of the catalytic triad, 1999). Second, these residues are absolutely conserved but without a structural analysis of the active site, the in all Rhomboids (Wasserman et al., 2000) , and their possibility remains that it instead could be involved in mutation to even very similar residues (i.e., G215A, oxyanion stabilization (serine protease mechanisms are S217T, and S217C) abolished Rhomboid-1 activity.
comprehensively reviewed in Fersht, 1999). In summary, These are hallmarks of active site residues. Third, the although several mechanistic questions remain, our relocation of the essential residues is highly suggestive sults strongly suggest that Rhomboid-1 is a serine proteof a serine protease active site; both G215 and S217 ase that catalyses proteolysis in a membrane bilayer occur in the conserved GASGG motif, which is remark- (Figure 7 ). Since no intramembrane serine protease is ably similar to the conserved GDSGG motif surrounding listed in either the MEROPS protease or EC enzyme the active serine of 200 different serine proteases. Furdatabases, Rhomboid-1 and RHBDL2 appear to be the thermore, the essential residues N169 and H281 occur first examples of this kind of enzyme. at the same height in their TMDs as the GASGG motif, consistent with the proposal that they associate with 
